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Abstract

Purpose of Review—Clustered regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated 9 (Cas9) has recently emerged as a top genome editing technology and has
afforded investigators the ability to more easily study a number of diseases. This review discusses
CRISPR/Cas9’s advantages and limitations and highlights a few recent reports on genome editing
applications for alleviating dyslipidemia through disruption of proprotein convertase subtilisin/
kexin type 9 (PCSKO9).

Recent Findings—Targeting of mouse Pcsk9 using CRISPR/Cas9 technology has yielded
promising results for lowering total cholesterol levels, and several recent findings are highlighted
in this review. Reported on-target mutagenesis efficiency is as high as 90% with a subsequent 40%
reduction of blood cholesterol levels in mice, highlighting the potential for use as a therapeutic in
human patients.

Summary—The ability to characterize and treat diseases is becoming easier with the recent
advances in genome editing technologies. In this review, we discuss how genome editing strategies
can be of use for potential therapeutic applications.
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Introduction

Hundreds of billions of dollars are spent annually on direct and indirect costs of
atherosclerotic cardiovascular disease, the leading cause of death worldwide [1]. Although
this disease is an extensive and complex process involving numerous genes, proteins, and
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cell types, a large contributor to its progression is having pro-atherogenic lipid profiles,
classified as dyslipidemia. While lifestyle changes such as diet and exercise generally help,
they are often insufficient to attain healthy lipid profiles, necessitating the use of therapeutic
treatments such as low-density lipoprotein cholesterol (LDL-C)-lowering drugs. Statin use
has been exceedingly successful in lowering LDL-C levels, but like any medication, not all
patients tolerate and respond to statins well enough and need either a different or a combined
therapeutic approach to manage lipid levels.

Genome-sequencing data have now afforded the ability to understand how genetic variation
influences dyslipidemia, and functional follow-up in the laboratory using cellular and animal
models will be useful for developing methods to treat the condition. In this review, we
describe the use of recent advances in genome editing technologies for understanding and
characterizing factors associated with various diseases, with a particular emphasis on
dyslipidemia. We also describe the potential use of genome editing in the treatment of this
condition through the targeting of the proprotein convertase subtilisin/kexin type 9 (PCSK9)
gene.

Genome Editing Using Clustered Regularly Interspaced Short Palindromic
Repeat/CRISPR-Associated 9

The field of genome editing has drastically expanded in the last few years, and the
application of genome editing techniques in the study of cardiovascular disorders has been
expansively reviewed [2-5]. Much of the recent focus has been on harnessing clustered
regularly interspaced short palindromic repeat (CRISPR)/CRISPR-Associated 9 (Cas9), a
system originally identified as an endogenous mechanism for bacterial adaptive immunity,
for targeted genome editing [6, 7]. Potential uses for this technology include the
development of cell and animal models to study specific diseases, functional analyses of
how specific genetic variants contribute to diseases, and permanent disruption of a gene or
correction of a harmful genetic mutation for therapeutic benefit.

In the CRISPR/Cas9 system, the Cas9 nuclease can target a specific genomic site when
complexed with a synthetic, approximately 100-nucleotide “guide” RNA. The first 20
nucleotides of the synthetic guide RNA will recognize and hybridize to a complementary
sequence of genomic DNA, termed the protospacer, which is situated directly next to a
protospacer-adjacent motif (PAM) [6-8]. The Cas9 nuclease then introduces a double-
stranded break in the genomic DNA, and the endogenous DNA repair machinery repairs the
break through either non-homologous end-joining (NHEJ) or homology-directed repair
(HDR) [9]. Double-stranded breaks are most often repaired by NHEJ, whereby the ends are
directly rejoined together; however, this error-prone process can insert and/or delete DNA
base pairs (indels) at the site of the break. If indels occur in the protein-coding sequence of a
gene, they can cause frameshifts that truncate the protein, likely rendering it nonfunctional.
Investigators can take advantage of this endogenous repair pathway when specifically
seeking to knock out a targeted gene in cell or animal models. If introduction of a mutation
into a target genomic sequence is desired, an exogenous DNA repair template such as a
single-strand DNA oligonucleotide or double-strand DNA vector can be used to incorporate
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specific changes in the genomic DNA by way of the HDR repair pathway. However, this is a
rarer event because HDR generally occurs much less frequently than NHEJ as its activity is
limited to proliferating cells in the S and G2 phases of the cell cycle.

Although many different CRISPR/Cas9 systems have been adapted since the advent of this
technology’s use for genome editing [6-8, 10-13], the originally identified system from
Streptococcus pyogenes is still the most commonly used CRISPR-Cas9 system today.
Different genomic sites can be targeted by simply changing the protospacer in the guide
RNA, making CRISPR/Cas9 exceptionally easy to design and use compared to other
genome editing technologies such as transcription activator-like effector nucleases
(TALENS) or zinc finger nucleases (ZFNs). Further, multiple guide RNAs targeting
numerous sites can be introduced into a single vector for potentially improved editing
efficiency. A large number of potential target sites can be screened for editing efficiency
rather quickly and with low cost, usually resulting in identification of at least one suitable
guide RNA for the desired application.

While there are many benefits to using CRISPR/Cas9, it still has several serious limitations
to overcome before it can be routinely used for therapeutic purposes in human patients. First
and foremost, the potential for “off-target” mutagenesis elsewhere in the genome from the
intended target is a substantial concern; disruption of a different gene, initiation of
oncogenesis, and altered cell survival/proliferation could all potentially cause considerable
harm when using genome editing as a therapy. A large amount of work has aimed at
improving on-target efficiency while reducing off-target effects, including alteration of the
guide RNA [14, 15], use of a nickase or catalytically dead version of Cas9 [16-18], “high-
fidelity” mutations in Cas9 [19, 20], and fusion of base-editing domains to Cas9 for specific
base pair changes [21-24].

A second drawback to the CRISPR/Cas9 system is the necessity for a PAM to be situated
particularly close to the intended target site. For example, the S. pyogenes Cas9 PAM
sequence, NGG, occurs on average every eight base pairs but in some regions of the genome
much less frequently than that, which can be problematic if a specific on-target site has no
nearby PAM. Most other Cas9 proteins require more complex PAM sequences (examples
include Staphylococcus aureuswith a PAM of NNGRR [12e, 25], Streptococcus
thermophilus with a PAM of NNAGAAW [6], and Neisseria meningitidis with a PAM of
NNNNGATT [10, 11]), which present even more restrictions. Fortunately, this limitation has
been partially resolved with the classification and use of a diverse variety of Cas9 proteins
from different bacterial species and, further, with structure-guided mutagenesis that can alter
the PAM sequence specificity to expand the number of targetable sites [25, 26].

A third drawback is that even if a desired target site has conveniently located PAMs, it does
not necessarily mean that on-target mutagenesis efficiency will be high. Extensive locus-to-
locus variability has been observed. Further, there appears to be substantial variability in the
degree to which genome editing can be achieved in different tissues. Although this may not
be a serious limitation for the treatment of dyslipidemia, due to the relative efficiency of
genome editing in both mouse and human hepatocytes (see below), the reported low
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efficiencies of genome editing in other tissues such as cardiac muscle may limit its
therapeutic potential for diseases arising in those tissues.

Genome Editing for Disease Modeling

Recent advances in genome editing are allowing investigators to more easily study the
effects of genetic variants on disease processes, which can inform the development of
therapeutics in the future. Human induced pluripotent stem cell (iPSC) lines are one system
for determining the functional consequences of a mutation and how it may contribute to
certain diseases. Cells collected from patients can be reprogrammed into iPSCs, which can
in turn be differentiated into specific cell types for downstream functional study. Although it
may be beneficial to use a cell line derived directly from the patient to characterize how a
specific genetic mutation contributes to a disease phenotype, difficulties arise when
comparing lines between different patients that vary in genetic and epigenetic backgrounds.
Therefore, use of genome editing to create matched, isogenic cell lines that differ only with
respect to specific mutations allows a more rigorous characterization of the functional
consequences of the mutations. Additionally, genome editing to introduce specific mutations
in iPSCs affords the opportunity to screen for therapies to treat conditions caused by the
mutations. A number of examples of the use of iPSCs for the study and treatment of lipid
metabolism disorders have recently been reported [27-32]. In one notable example, iPSC-
derived hepatocytes from a patient with familial hypercholesterolemia were used to identify
cardiac glycosides as a potential treatment for dyslipidemia [31].

The production of in vivo model systems is also being greatly facilitated with the use of
genome editing tools. Mouse models can be rapidly created with the use of CRISPR/Cas9
injected directly into single-cell mouse embryos [33, 34] to knock out genes or knock in
specific mutations. The same technique can be used to genetically modify animals that were
previously not amenable to modification. The modeling of cardiovascular disorders in mice
[12e¢, 35ee, 36¢¢], rats [37—42], rabbits [43-45], zebrafish [46], and pigs [47, 48] using
genome editing technologies has recently been reported.

Disruption of PCSK9 Using CRISPR/Cas9 In Vivo

PCSK®9, a protein that increases plasma LDL-C levels via inhibition of LDL clearance, has
recently emerged as a promising protein and genetic target. Naturally occurring PCSK9loss-
of-function mutations not only reduce blood LDL-C levels but also reduce coronary heart
disease risk by as much as 88% [49]. Mechanistic studies have shown that circulating
PCSKQ binds to the LDL receptor (LDLR) and, upon endocytosis of the PCSK9/LDLR
complex, promotes lysosomal degradation of LDLR instead of LDLR trafficking back to the
plasma membrane (Fig. 1). When PCSK9 binding to LDLR is disrupted by either small
molecule targeting of the PCSK9 protein or genetic silencing of the PCSK9 gene,
endocytosed LDLR is not degraded and is instead recycled back to the plasma membrane
where it is available for LDL binding and clearance (Fig. 1). Multiple pharmaceutical
companies have developed inhibitors of PCSK9 through antibody targeting or SiRNA or
antisense oligonucleotide silencing in order to reduce blood LDL-C levels and, ultimately,
atherosclerotic vascular disease. These therapeutic approaches have started to yield clinical
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success [50], but as with statin drugs, they have the substantial limitation of needing to be
taken at repeated intervals over the course of a patient’s lifetime to obtain the desired
therapeutic benefit. In light of these observations, genome editing of PCSK9 offers a highly
attractive alternative approach as it could significantly reduce coronary heart disease risk
while also offering a lifelong therapeutic effect with only a single treatment.

Recent work has described the ability to permanently disrupt PCSK9 with high efficiency
using the CRISPR/Cas9 system in vivo. In the first published study, Ding et al. [35¢¢]
injected mice with an adenovirus containing the S. pyogenes Cas9 and a guide RNA
targeting exon 1 of Pcsk9. Substantial NHEJ-mediated indel mutagenesis in mouse livers
was observed 3-4 days post-injection and, importantly, resulted in a highly significant ~90%
reduction in blood PCSK9 protein levels with a concomitant 35-40% decrease in total blood
cholesterol levels. Ten off-target sites that most closely matched the on-target site with
respect to sequence similarity and were deemed the most likely candidates to harbor off-
target mutations were assessed, and no evidence of mutagenesis was detected. In another set
of experiments, Wang et al. [36<¢] tested the ability to permanently disrupt human PCSK9
using CRISPR/Cas9 in a humanized-liver mouse model in vivo; the authors reasoned that
this approach would allow preclinical assessment of in vivo genome editing for the use of
CRISPR/Cas9 therapy in human patients. Similar to the first study, the authors injected an
adenovirus containing the S. pyogenes Cas9 and a guide RNA targeting exon 1 in human
PCSK9in Falr'~RagZ™~ I12rg”!~ (FRG KO) mice carrying transplanted, engrafted human
hepatocytes. Substantial NHEJ-mediated indel mutagenesis of the human PCSK9 gene was
observed 3-4 days post injection, resulting in >50% reduction of the blood levels of secreted
human PCSKO protein. No off-target mutagenesis was detected at any of the eight top off-
target sites.

Although these two studies used adenovirus as a delivery method, which is not optimal for
use in human patients [51, 52], the studies represent proof-of-principle examples of the
highly efficient use of CRISPR/Cas9 technology to alter PCSK9 levels in vivo. Adenovirus
was used because S. pyogenes Cas9 is too large to be accommodated in a single adeno-
associated viral (AAV) vector, which is more suitable for clinical use. Recent work by Ran
et al. [12¢] demonstrated the NHEJ-mediated disruption of Pcsk9in mouse liver using S.
aureus Cas9, which is small enough to be delivered by AAV. In accordance with the original
results of Ding et al., Ran et al. observed >90% decrease of blood PCSK9 protein levels,
with a resultant 40% decrease in blood cholesterol levels and no evidence of off-target
mutagenesis.

These three studies highlight the ability to alter the genome in order to permanently decrease
cholesterol levels and thus potentially treat dyslipidemia in human patients. Other genome
editing strategies, such as targeted disruption of lipoprotein production or gene replacement
therapy for enhanced cholesterol clearance, may also be feasible for treating dyslipidemia.
As genome editing technology advances, along with our knowledge of genetic contributors
to cardiovascular disease, we can expect more studies showcasing ways to definitively treat
disease.
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Conclusion

Although some treatment options are available for individuals suffering from atherosclerotic
cardiovascular disease, development of a safe, one-time genome editing treatment would
provide a potent new therapeutic option. However, the current limitations of genome editing
technology need to be overcome before it can routinely be used in patients. Dyslipidemia
may be a particularly suitable condition to address with genome editing, as preclinical
studies have already established that efficient targeting of genes associated with cholesterol
levels is feasible. Undoubtedly, genome editing will be a useful tool in the coming years for
both understanding and preventing cardiovascular disease.
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PCSKQ inhibition of LDLR recycling. a Circulating proprotein convertase subtilisin/kexin 9
(PCSKQ9) binds to the low-density lipoprotein receptor (LDLR) and, upon internalization of
the complex by endocytosis, promotes the degradation of LDLR in the lysosomal
compartment. Consequently, lower levels of LDLR are available at the plasma membrane for

LDL binding and clearance. b Upon inhibition of PCSK9, whether through antibody

targeting of circulating PCSKO or disruption of the PCSK9 gene, endocytosed LDLR is not
readily degraded and recycles back to the plasma membrane. As more receptor is available

to bind to LDL, there is increased LDL clearance and lower circulating LDL levels
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